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Abstract

Citrus peel waste is known for its rich treasure of bioactive compounds that has multiple
health benefits. In this study, sixteen natural deep eutectic solvents (NADESs) were prepared,
from different combinations of choline chloride with hydrogen bond donors such as acid,
alcohol and sugar. Physicochemical analysis of these solvents such as pH, viscosity, density,
and polarity were examined. Results revealed that extract obtained by using some NADESs as
an extraction solvent showed higher total phenol content, total flavonoid content and
antioxidant capacity than conventional solvent (80 % methanol). The ultrasonication assisted

extraction (UAE) proved to be effective technique for extraction of bioactive compounds in
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less time (i.e. 30 min) at 50 °C temperature as compared to reflux (2 h at 80 °C) method. Also,
cytotoxicity of best NADESs combinations were examined in order to ensure the safety

consumption of it when used as solvent for extraction of bioactive compounds.

Keywords: NADES, physicochemical, ultrasonication assisted extraction, bioactive

compounds, cytotoxicity

Introduction

Fruits wastes are the storehouse of health beneficial compounds but it goes in vain due
to shortage of knowledge, space, funds and technology by the food processing industries for
their further utilization [1]. It is well known that peels of some fruit contain high amount of
bioactive compounds than its edible part and one such fruit is citrus. In 2025-2026, global fresh
orange production is projected to reach 45.92 million metric tons, while fresh
tangerine/mandarin, lemon/lime, and grapefruit production are estimated at 38.40, 10.06, and
7.00 million metric tons, respectively [2]. The flavedo (colored part) extracts of citrus peel
represent a significant source of phenolic antioxidants having prophylactic properties for the
development of functional foods [3]. These valuable and functional components can be

recovered by employing different extraction methods.

Ultrasonication assisted extraction (UAE) categorized as a green technology stands out
for its eco-benign, simple, cost-effective, and time-saving nature. This method also excels in
preserving both heat-sensitive and unstable compounds over traditional methods like reflux,
maceration, and soxhlet. The application of ultrasound induces acoustic cavitation, leading to
the formation, expansion, and collapse of bubbles. These cavitation bubbles, concentrated near
the solid surface, rupture with greater intensity, facilitating the rupture of cell walls and
expediting the release of desirable molecules into the solvent medium [4]. The industry is also
looking for environment friendly solvents and sustainable extraction techniques, following the

principles of green chemistry.
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Conventional organic solvents, such as hexane and others are used traditionally for
extraction which are toxic, flammable, explosive and poorly degraded. Extract obtained from
these solvents contain residual portions of toxic chemicals which is physiologically and
environmentally harmful. Thus, the drawbacks of extractions using organic solvents can be
overcome by using NADESs [5] . NADESs, composed of hydrogen bond acceptors (HBAs)
like choline chloride (ChCl) and hydrogen bond donors (HBDs) such as polyalcohol, sugar etc.

which are effortlessly prepared by heating and mixing.

Extraction of phenolics and terpenoids were carried out by Vo et al. [6] from passion
fruit peel by coupling NADESs with UAE and found lactic acid:glycerine and citric
acid:glucose NADESs higher in extracting phenolics and terpenoids, respectively. Cvjetko
Bubalo et al. [7] found ChCl:oxalic acid (molar ratio 1:1) DES with 25 % water content best
for extracting phenolics from grape skin. Vifias-Ospino et al. [8] found highest extraction of
carotenoids from orange peel when octanoic:L-proline hydrophobic deep eutectic solvent
(DES) coupled with UAE. M. Xu et al. [9] observed ternary ChCl:levulinic acid:N-methyl urea
based DES best for the extraction of total flavonoid (18.75 mg/g polymethoxy flavonoid and
47.07 mg/g glycosides of flavonoid) from citrus peel. However, N-methyl urea component used
in preparation of DES has been classified as probable human carcinogen by U.S.

Environmental Protection Agency [10].

While going through the literature, there was no work citing selection of NADESs,
based on their physicochemical characteristics for extraction of bioactives from kinnow
mandarin flavedo. Hence, in the present study, sixteen (16) different combinations of NADESs
(acid, alcohol, sugar based) at different molar ratios were tried in order to check their flow for
efficient extraction of bioactive compounds from kinnow citrus peel. Also, cytotoxicity of
NADESs (without extract) were also tested so that it can be safely used for human

consumption.
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Materials and methods

Raw material and chemicals

Diphenyl-1-picryhydrazyl

Kinnow citrus fruit were purchased from local market. Folin-ciocalteu, quercetin, 2, 2-

(DPPH), 2,2-azinobis-3-ethylbenzthiazoline-6-sulphonic

acid

(ABTS) and 2,4,6-tripyridyl-s-triazine (TPTZ), ferric chloride, gallic acid, quercetin, butylated

hydroxytoluene (BHT) were purchased from HiMedia Laboratories Pvt. Ltd., Mumbai, India.

Mice for cytotoxicity experiment was sourced from National Institute of Biologicals, Noida,

India.

Preparation of NADESs

To prepare NADESs solution for screening purpose, component 1 was mixed with

component 2 in the ratio mentioned in Table 1. The combinations were heated (without addition

of water) on hotplate at 80 °C and stirred till it become completely liquefied to a clear solution

[11].

Table 1 Combination of NADESs selected for study

Sr. Component 1 Component 2 Molar ratios
1. ChCl Glucose (Glu) 1:1
2. ChCl Glucose (Glu) 2:1
3. ChCl Sucrose (Suc) 1:1
4. ChCl Oxalic acid (Ox) 1:1
5. ChCl Malic acid (MA) 1:1
6. ChCl Lactic acid (LA) 1:1
7. ChCl Lactic acid (LA) 1:2
8. ChCl Lactic acid (LA) 2:1
9. ChCl Levulinic acid (Lev) 1:1
10. ChCl Glycerol (Gly) 1:1
11. ChCl 1, 3 butanediol (1,3 BD) 1:1
12. ChCl 1, 4 butanediol (1,4 BD) 1:1
13. ChCl 1,2 Propanediol (1,2 PD) 1:1
14. CA Glucose (Glu) 1:1
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15. CA Glucose (Glu) 1:2

16. CA Glucose (Glu) 2:1
ChCl - Choline Chloride, CA - Citric Acid

Visual appearance of prepared NADESs was observed. Further, 10-40 % of water was
added along with component 1 and 2 followed by heating the mixture only in those NADESs
combinations that showed solidification or partial solid/partial liquid or crystalline behavior.
For final study, 30 % distilled water (component 1 (g) + component 2 (g) x 30/100) was added

along with component 1 and 2 followed by heating the mixture as described above.

Preparation of fresh citrus flavedo and its extract

Flavedo part (thickness 1.4 mm) of kinnow citrus fruits were peeled and vacuum packed
followed by storage in deep freezer (-18 °C) till further use. With slight modification in the
method of [12], for preparation of extract, fresh kinnow citrus flavedo (1 gm) was weighed,
crushed in pestle mortar followed by addition of 20 mL of different NADESs. Whole solution
was poured in a beaker and UAE (LABMAN Probe Sonicator PRO650, India) with 6 mm
probe was performed at given conditions i.e. solid: liquid (1:20 g/mL), water content (30 %),
temperature (50 °C), time (30 min), power (200 W) and pulse working mode (ON for 3 sec and
OFF for 3 sec). Solution was centrifuged (R-23 REMI Research Centrifuge, Mumbai, India) at
4500 RPM for 20 min followed by collection of supernatants. All extracts were made up to
uniform volume (25 mL) with respective solvents and stored at 4 °C in amber glass vials till

further analysis. For control, 80% methanol was used as a solvent and refluxed at 80 °C for 2

h.

Analytical Methods

pH

The pH values were determined by using Hanna Digital pH meter (HI 5221, Hanna

Instruments, India) at 28 °C [13]. The instrument was calibrated with pH 4.0, 7.0 and 9.2 before
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measuring pH of the solvents and each time, electrode was rinsed with distilled water before

dipping in various solvents.
Viscosity

Viscosity of solvents were measured according to Nazir et al. [14] by Ostwald’s

viscometer at 22°C by using Eq. (1).

N, = 222 xq, (1)

pP1ty

where 1> = viscosity of solvent (cP), po= density of solvent (g/mL), t>= meantime of flow of
solvent from A to B (sec), pi= density of water (g/ml), t; = meantime of flow of water from A

to B (sec), 1 = viscosity of water (cP)

Density

Density of all the solvents were measured according to Freitas et al. [15] by weighing
25 mL of solvent in pycnometer (25 mL) at 16 °C for NADESs combinations and 80 %

methanol. It was calculated by Eq. (2). s

mass of different NADES solvent
volume (25 mL).

Density = (2)

Polarity

Polarity testing was done by slight modification of Gomez-Urios et al. [16] method.
Polarity was measured in the form of molar transition energy (Enr) by using a solvato-
chromatic probe i.e. Nile red. Firstly, 1000 ul of solvent was pipette in cuvette followed by

addition of 50 pl Nile red solution (10 mg/10 mL of ethanol) and then, absorbance was
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measured from 400-700 nm. The absorption spectra of dyes (A max) wWere determined with a

UV/Vis spectrophotometer and calculated by Eq. (3).

Engr (kcal moL™t) = hcNa _ 28591 N

lmax Amax

where, Planck constant (h) is 6.63 x 103* J/s, velocity of light (c) is 2.997 x 10® m/sec,
Avogadro constant (Na) is 6.022 x 10% mol™! and Lambda max (A max) is wavelength at the

maximum absorbance

Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)

TPC of kinnow flavedo extract was determined by using Folin—Ciocalteu assay
described by Boli et al. [17] with slight modifications. All experiments were performed in
triplicate. For each determination, 300 ul of extract was combined with 7700 ul of distilled
water and 500 pl of Folin-Ciocalteu reagent, and the mixture was vortexed, Then, 1500 pl of
sodium carbonate (20 % w/v) was added followed by addition of 1500 pl sodium hydroxide (4
% w/v, in order to avoid precipitation) and mixed thoroughly. Mixture was kept in a water bath
at 40°C for 30 min or until the precipitate had disappeared. The mixture was cooled, and
absorbance was measured at 765 nm in a UV-Vis spectrophotometer (Eppendorf Bio
spectrometer basic, Germany). The TPC was expressed in mg gallic acid equivalent per gram

of peel (mg GAE/g dry weight basis, dw).

TFC was measured using method of Che Zain et al. [18] with slight modifications.
Extract (80 ul) was taken in a test tube and 420 ul of 95% ethanol was added to make up the
volume to 500 pl. Then, 25 pl aluminum chloride (10%), 25 pl sodium acetate solution (1 M)
and 700 pL distilled water were added and incubated (25°C for 40 min) followed by final
measurement of absorbance at 415 nm. The total flavonoid content (mg QCE/g dw) was

expressed in mg quercetin equivalents per gram of peel.
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Antioxidant activity assays and Antioxidant potency composite index (APCI)

Antioxidant activity was measured by using DPPH, ABTS and FRAP assay. For the
DPPH assay, 130 pL of extract was added to 5 mL of 0.004% DPPH solution prepared in
methanol. The reaction mixture was maintained at ambient temperature for 30 min, after which
absorbance was recorded at 517 nm against methanol as the blank [19]. ABTS radical
scavenging activity was determined following the procedure described by Belwal et al. [20]
and absorbance was measured at 734 nm using a UV-visible spectrophotometer. Ferric
reducing antioxidant power (FRAP) was assessed according to Singanusong et al. [21]. The
reaction mixture was incubated in the dark at 25 + 2 °C for 30 min, and absorbance was
subsequently measured at 593 nm. Results were expressed in mg BHT equivalent per gram
dry weight of citrus peel (mg BHTE/g dw).

Antioxidant Potency Composite Index (APCI) was calculated according to method of
Chen et al. [22] by Eq. (4).

measured value of assay (sample score)

APCI =

x 100 “4)

maximum value of assay (best score)

Further, average of index score of all three assays (DPPH, ABTS, FRAP) was calculated
for each NADES combination and named as overall antioxidant potency composite index to

give more comprehensive idea of antioxidant activity of extracts.

Cytotoxicity

Cytotoxicity was evaluated using the MTT assay in mouse splenic lymphocytes
according to [23]. Cells were treated with different concentrations of NADES for 24 h,
followed by MTT incubation and absorbance measurement at 570 nm. The % viability of the

cells was calculated using the following formula

Cell Viability (%) =5 x 100
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Where, AT - absorbance of treated cells, and AC - absorbance of untreated cells

Statistical analysis

Data is expressed as the means + standard deviation of three replicates. One - way
ANOVA with post-hoc Tukey’s HSD multiple comparison test was performed by SPSS 16.0

software, whereas graphs were prepared using GraphPad Prism 8.0.1 version software.

Results and Discussion
Screening of NADESs

Screening of NADESs was done keeping in mind the ideal characteristics of solvents
required for extraction i.e. flowability, viscosity and transparency/clarity. Sugar based
NADESs combinations (ChCl:Glu, ChCI:Suc and CA:Glu) in all molar ratios (without addition
of water) were found to be either solid or partially solid and partially liquid after 24 and 48 h
(Fig. S1). These pair of NADESs found highly viscous even after adding 40 % of distilled
water, which was consequently difficult to handle during experimentation. Acid based
NADESs (without addition of water), except ChCl:Ox and ChCl:LeA were clear, transparent
and flowable after 48 h (Fig. S2). ChCl:Ox and ChCl:LeA NADESs showed thread like
structure of crystals after 24 and 48 h, respectively without water addition (Fig. S3). Alcohol
based NADESs combinations (ChCl: Gly, ChCl: 1,3 BD, ChCl: 1,4 BD and ChClI: 1,2 PD)
were found less viscous than acid based (ChCl: LA, ChCl: LeA and ChCl:MA) and sugar based
NADESs (ChClI: Glu, ChCl: Suc and CA: Glu). Therefore, keeping all above points in mind
and based on preliminary trial, ChCl: 1,2 PD, ChCl: LA, ChCl: MA, ChCl: Gly and ChCl: 1,3
BD were selected for final trials because oxalic acid and 1, 4 BD chemicals were not listed in

GRAS list. Also, ChCl: Glu, ChCl: Suc, CA: Glu (sugar based NADESs) were rejected as they
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were very highly viscous in nature even after addition of distilled water whereas ChCl: LeA

based NADES was found less in antioxidant potency composite index (data not shown).

Physicochemical characteristics of NADESs

The extraction performance of NADESs is governed by both the structural features of
the bioactive compounds and solvent characteristics, particularly polarity, viscosity, density,
and pH [23]. Therefore, pH, density, viscosity and polarity of different ChCIl based NADESs
(water content 30 %) at respective temperature were investigated in the first part of this work
(Table 2). Mostly all prepared ChCl based NADESs were found colorless in appearance except
malic acid which was light yellowish. Furthermore, ChCl:MA NADESs with molar ratios 1:2
and 1:3 was noted unstable as white precipitate settled down at the bottom of the beaker and

therefore, were not taken for the further study and eliminated (Fig. 1).

30mi 30m!

Bt | 3 -
ChCI:MA
(1:1)
o
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Fig. 1 Physical appearance of NADESs at various molar ratios (3:1, 2:1, 1:1, 1:2, 1:3)

Table 2 Physicochemical Properties of different NADESs used in study”

Combination  Ratis NaDES PR Vieosiv@P Y (O

3:1 Colourless 4.63+0.16 13.96+0.36 1.12+0.05 49.83+0.10

2:1 Colourless 473+0.14 11.60+0.54 1.12+£0.04 50.13+0.10

ChCl:1,2 PD 1:1 Colourless 4.02+0.04 11.39+0.11 1.11+£0.01  49.69 + 0.09

1:2 Colourless 4.37+0.09 7.60+0.31 1.10£0.03 49.95+0.10

1:3 Colourless 5.00+0.21 6.90 +0.20 1.10£0.03  49.98 +0.05

3:1 Colourless 4.12+0.02 8.02+0.13 1.15+0.02 49.81£0.06

2:1 Colourless 4.62 +0.02 9.17+0.22 1.16 £ 0.05 49.53+£0.09

ChClL:Gly 1:1 Colourless 3.58+£0.16 7.95+0.13 1.17+£0.02 4938 +0.01

1:2 Colourless 443+0.13 8.49+0.57 1.18£0.03  49.06 + 0.09

1:3 Colourless 4.81+0.01 9.31+0.32 1.19+0.03  49.01 £0.02

3:1 Colourless 4.06+0.17 11.83+0.32 1.12+£0.01 49.92+0.05

2:1 Colourless 3.84+£0.07 11.33+0.37 .11 £0.03  49.61+0.10

ChCl:1, 3 BD 1:1 Colourless 345+£0.12  12.79+0.21 1.10+£0.04 50.06 £0.01

1:2 Colourless 4.19+0.02 11.15+0.15 1.08+£0.09 49.80+0.06

1:3 Colourless 4.69+0.06 10.52+0.39 1.07+0.03 49.71+0.06

3:1 Light yellowish ~ 1.48+0.05 17.65+0.45 1.19+£0.01 48.30+0.05

ChCl:MA 2:1 Light yellowish ~ 1.09+0.03 17.92+0.26 1.20+£0.01 48.20+0.02

1:1 Light yellowish ~ 0.03+0.06 19.37+0.27 1.24+£0.06 48.03+0.06

3:1 Colourless 2.09+0.07 9.33+£0.15 1.14+0.05 48.90+0.09

2:1 Colourless 1.70£0.03 8.24+0.12 1.15+£0.02 48.67+0.10

ChCL:LA 1:1 Colourless 1.33+£0.01 8.24+0.25 1.16+0.03 48.30+£0.01

1:2 Colourless 1.03+0.01 6.14+0.12 1.17+0.04 48.17+0.11

1:3 Colourless 0.89 £0.02 5.34+£0.05 1.17£0.03  48.04+£0.01

80 % Methanol Colourless 7.45+0.10 0.80+0.52 0.82+0.08 48.96+0.13
C.D. 0.17 0.48 0.04 0.11
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S.E. (m) 0.06 0.17 0.02 0.04
S.E. (d) 0.09 0.24 0.02 0.06
C.V. 3.06 2.85 2.11 0.14

# diluted with 30% distilled water ,all values are mean + standard deviation of three replicates

It is well known that the various kinds of hydrogen bond donor (HBD) are known to
have a significant impact on the acidity or pH of NADESs [24]. In this study, the pH range of
all the NADESs combinations were found in acidic side ranging from 0.03 to 5.00. Lowest pH
was found in combination ChCl:MA NADES at molar ratio of 1:1 (pH 0.03) whereas highest
pH 5.00 was noted in ChCl:1,2 PD NADES at molar ratio of 1:3. On the other hand, methanol
(80 %) had pH of 7.45 which was near to neutral range. Lower values of pH for ChCl:MA and
ChCI:LA based NADESs as compared to others might be apparently because of the existence
of acidic chemicals as HBD which is ultimately responsible for acidic nature of eutectic
mixtures [26].

Highly viscous solvents hinder in mass transfer rate of the target solute consequently
resulting in poor extraction. This problem can be solved by adding water during preparation of
different NADESs to reduce its viscosity and increasing the extraction efficiency of bioactive
compounds. In this study, 30 % of water was added in all prepared NADES as further addition
of excessive water beyond 30 % results in weak interaction between NADES and target
compounds, adversely affecting extraction process [27]. Viscosity of all the prepared NADESs
was found higher than that of 80 % methanol (0.80 cP). Higher viscosity values i.e., 17.65 cP
(molar ratio 3:1), 17.92 cP (molar ratio 2:1) and 19.37 cP (molar ratio 1:1) were observed in
ChCl:MA based NADESs whereas lower values were found in ChCI:LA based NADESs at
molar ratio of 1:2 (6.14 Cp) and 1:3 (5.34 cP). [28] also found high viscosity of ChCl:MA (446
cP) at molar ratio 1:1, followed by ChCl:Gly (113 cP) and ChCl:1,2 PD (25 cP) at molar ratio
of 1:2 in their study. Generally, the viscosity is higher if one of the NADES components has

more hydroxyl groups that act as hydrogen bond donors (HBD), thus creating more hydrogen
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bond formation resulting in more viscous eutectic mixture. This might be the reason behind the
high viscosity of ChCl:MA based NADES than other combinations as MA has three hydroxyl
groups whereas other HBD (1,2 PD, LA and 1,3 BD) carry only two hydroxyl group except
glycerol which also have three hydroxyl groups. Even though glycerol has three hydroxyl
groups (OH in cis form), its viscosity was found less as compared to malic acid (OH in
transform) due to positioning of hydroxyl group present in the compound because viscosity of

trans-compound is greater than that of the corresponding cis isomer [29].

Density is an important physicochemical parameter that influences solvent diffusivity
and its capacity to mix uniformly with other liquids. It plays an important role due to its effect
on the design and process operation as higher density of DESs during extraction process will
require higher power consumption during agitation or mixing of contents using agitators or
magnetic stirrers and, during conveyance through pump from one place to another [30].Density
of all tested NADESs were found in the range of 1.07 - 1.24 g/mL and observed higher than
water (1.01 g/mL) and ethanol (0.82 g/mL). Highest density was found in ChCl: MA based
NADES i.e. 1.24 g/mL at molar ratio 1:1 whereas lowest was noted in ChCl: 1,3 BD (1.07
g/mL) at molar ratio 1:3. This might be due to high molecular weight (Mw) compounds which
possess higher density than low Mw compounds. For example, in this case, MA as HBD has
higher Mw (134.08 g/mol) than other HBD (LA 90.08 g/mol, Gly 92.09, 1,2 PD 76.10 g/mol
and 1,3 BD 90.12 g/mol) that resulted in higher density of ChCl: MA NADES. Alcohol based
ChClI: 1,2 PD and ChCl:1,3 BD NADES had almost same density value range. The results of
this study are in agreement with previous findings of Che Zain et al. [18] and Dai et al. (31)who
noted similar density values of alcohol based 1, 2 PD and 1,4 BD NADESs.

Polarity is one of the main attributes of NADESs that plays a major role in extraction
of higher content of bioactive compounds that can be evaluated by molar transition energy

(Enr). Less polar NADES gave pinkish colour whereas high polar NADES gave bluish colour
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with Nile red dye (Fig. 2). High value of Eng means low polarity whereas low Exgr values mean
high polarity of NADESs [32]. Enr value of different NADESs taken for study ranged from
48.03 to 50.13 kcal/mol (Table 2). ChCI:MA (1:1) was found most polar (48.03 kcal/mol) and
ChClI:1,2 PD (2:1) was noted least polar (50.13 kcal/mol) in nature. Overall, organic acid-based
NADESs (ChCl:LA and ChCI:MA) were observed to be having high polarity (less Exr value)

than alcohol based NADESs (ChCl:1,2 PD, ChCl:Gly and ChCI:1,3 BD).
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Fig.2 Polarity of NADESs at molar ratio 1:1 (pinkish — less polar, bluish — more polar)
Dai et al. [31] also found the high polarity of organic acid-based NADES (44.81

Kcal/mol) whereas both sugars as well as polyalcohol based NADESs were noted least polar.
Similarly, Gémez-Urios et al. [ 16] noted more apolar nature of ChCl:Gly with polarity of 49.00
kcal/mol than ChCl:MA (47.85 kcal/mol). Due to their intrinsic high polarity, hydrophilic
NADES typically have a high solubilization capacity for polar metabolites, but they can also
be used with some non-water-soluble metabolites. Polarity of 80% methanol was found 48.96
kcal/mol which was somewhat near to the polarity of acid based NADESs.

Evaluation of NADES extraction efficiency
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Extraction efficiency of different NADESs was assessed by considering the TPC, TFC
and antioxidant capacity of the kinnow flavedo extract. During estimation of TPC, extract
obtained from NADESs gave yellowish turbid solution after addition of FC reagent which
precipitated out after sometimes (Fig. 3). It might be because FC assay works in alkaline
medium (pH - 10) by transferring electrons from phenolic compounds present in sample to the
phosphomolybdic/ phosphotungstic acid complexes (present in Folin—ciocalteu reagent) which
form blue complexes [33]. To make the medium alkaline for successful reaction process,
sodium hydroxide (4 % w/v) was added which resulted in prevention of precipitate formation

and consequently, giving blue colour.

(a)

Fig. 3 Precipitation during estimation of Total Phenolic Content (TPC) in extract obtained from
NADES (a) after addition of FC reagent (b) after addition of sodium carbonate (first from left)
and sodium hydroxide (second from left)

Among all NADES and with their respective molar ratios, highest TPC (32.38 mg
GAE/g) was found in the extract obtained by ChCl:MA based NADES at molar ratio 1:1 (Fig.
4A). Goémez-Urios et al. [5] also noted highest TPC in ChCI:MA NADES (i.e. 10.53 mg
GAE/g) in Citrus sinensis peel which is less than our findings which might be due to employing
different extraction condition or difference in raw material (citrus peel) on the basis of
geographical origin, plant part and harvesting. Conventional solvent used in this study i.e. 80
% methanol showed TPC of 15.99 = 0.31 mg GAE/g dw. Choline has a positively charged

quaternary amine group, which could promote electrostatic interactions with the negatively
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charged/polarized polyphenols and, in this way, enhanced their extraction (Garcia-Roldéan et
al. 2023). Overall, approximately two-fold higher TPC was noted in ChCl:MA based extract
(molar ratio 1:1) than conventional solvent (80 % methanol) which might be due to the lack of
extractability of partially ionized compounds by methanol, where electrostatic interactions

might have significantly contribute to their extraction [35]
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Fig. 4 Extraction efficiency of five NADES at different molar ratios (A) Total phenolic content (TPC)
(B) Total flavonoid content (TFC)

Flavonoid content of kinnow flavedo extract obtained by using different NADES
combinations as solvent is shown in Fig. 4B. In ChCl:1,2 PD based NADES, highest flavonoid
extraction (4.98 mg QE/g dw) was observed at 1:3 molar ratio which might be due to less
viscosity that helped in better penetration of NADES inside the solid matrix as well as its less
polar nature. In addition, set temperature (50 °C) contribute to decrease in viscosity which
resulted in increase in extraction of flavonoid content. These results are in agreement with Xu
et al. [9]who also noted DES prepared from less polar HBD such as 1,2 PD, LeA and acetamide
gave highest extraction of flavonoid. The reason behind might be the basic principle of

solubility i.e. ‘like dissolves like” and citrus flavonoid (especially polymethoxy flavonoid)

31
2:1
1:1
1:2
13
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present in citrus peel are less-polar in nature due to presence of numerous methoxy groups on
their basic benzo-c-pyrone (15-carbon, C6-C3-C6) skeleton with a carbonyl group at the C4
position that might have resulted in higher flavonoid extraction from 1, 2 PD based NADES
due to compatible polarity nature [36]. Organic acid-based NADES showed less flavonoid
content which might be due to high polar nature of these NADES as compared to alcohol-based
NADES. In case of extraction from conventional solvent i.e. 80 % methanol, TFC of 4.67 mg/g

dw was noted.

Antioxidant capacity of different NADES solvent

Table 3 shows the antioxidant capacity of five different solvent at molar ratios 1:1.
Significant difference (p<0.05) as found in antioxidant capacity measured by three different
methods between these five NADES solvents. Highest DPPH radical scavenging activity was
observed in acid-based NADES i.e. ChCI:MA (47.91 = 1.43 %) and ChCIL:LA (40.16 + 1.30
%) as compared to alcohol-based NADES indicating the superior hydrogen atom donating

ability of organic acid-based NADES.

Table 3 Antioxidant capacity of NADES (at molar ratio 1:1)

NADES combination DPPH (%) ABTS (%) FRAP (mg/l)
ChCl:1,2 PD (1:1) 7.32+0.23° 13.53 £ 0.36° ND*
ChCI:Gly (1:1) 15.68 £ 0.08° 3.38+0.12° 2.98 +0.10°
ChCl:1,3 BD (1:1) 8.19£0.12¢ 10.88 + 0.06° ND*
ChCI:MA (1:1) 4791 +1.432 2.35+0.03¢ 2.21+0.06°
ChCL:LA (1:1) 40.16 + 1.30 0.59 +0.02° 1.92 +£0.03°

Different lowercase letters in the same column indicate significant differences (p < 0.05)
*ND — not detected

On contrary, highest radical scavenging was found in alcohol-based NADES i.e.
ChCl:1,2 PD (13.53 + 0.36 %) followed by ChCl:1,3 BD (10.88 + 0.06) and ChCIL:Gly (3.38 +

0.12) in case of ABTS assay. In ferric reducing antioxidant power test, highest antioxidant
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capacity was noted in case of ChCl:Gly whereas no antioxidant capacity was detected in
ChCL:1,2 PD and ChCl:1,3 BD based NADES. Similar to our findings,
[NO PRINTED FORM] [18]also observed good free radical scavenging property of organic

acid-based NADES as compared to alcohol and sugar-based NADES.

Antioxidant capacity of Kinnow flavedo extract

Antioxidant assay generally works by two different modes of action i.e. hydrogen atom
transfer (HAT) and single electron transfer (SET). DPPH and ABTS works on mixed mode
(HAT and SET) whereas FRAP works on SET mechanism[37]. Therefore, in the present study,
we have selected three different methods for measuring antioxidant capacity as it is always

preferably to check antioxidant capacity of sample by more than one method.

Fig. 5A showed that the value of DPPH was ranging from 71.01 to 133.23 mg/g dw
among different NADES combination and their molar ratios used in this study. Among all the
NADES combinations with their molar ratios, highest DPPH activity was noted in the extract
obtained from ChCl:MA (at molar ratio 1:1). It could be possible due to high phenol content
obtained from this combination as well as free radical scavenging activity of solvent itself i.e.

ChCI:MA NADES. On broader view, it can be observed that organic acid-based NADES

extract (ChCl: MA and ChCl: LA) showed higher antioxidant capacity than alcohol-based ones
(ChCl: 1,2 PD, ChCl: Gly and ChCl: 1,3 BD). Xu et al. [38] also found high antioxidant activity
in extract obtained from organic acid based DESs than alcohol-based ones while employing
extraction of bioactive compounds from Baphicacanthus cusia leaves. It can be inferred that
the antioxidant activity of the extracts came entirely from the polyphenolic compounds of citrus
flavedo in case of ChCl:1,2 PD and ChCl:1,3 BD NADES. In conventional reflux extraction,

antioxidant capacity was observed 63.53 + 8.09 mg BHT/g dw.
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Fig. 5 Antioxidant capacity of five NADESs at different molar ratios (A) DPPH assay (B) ABTS assay
(C) FRAP assay

On contrary, it can be observed that alcohol-based NADES showed higher antioxidant
capacity by ABTS test as compared to organic acid-based NADES (Fig. 5B). It might be due
to high ABTS free radical scavenging property of alcohol-based NADES as compared to
organic based NADES. In conventional reflux extraction, antioxidant capacity was observed
to be 32.10 £ 1.78 mg/g dw. Similar scenario was recorded in case of FRAP assay (Fig. 5C).
In conventional reflux extraction, antioxidant capacity (FRAP assay) was observed 46.61 +

0.84 mg/g dw which was higher than all NADES combination.

APC Index gives a single value to antioxidant capacity measure by different methods

and makes easy to interpret the result. As shown in Table 4, the average of APCI index was
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ranging between 39.86 to 85.45 and based on that, different ranking had been assigned.

Considering the ranking, top five solvent having highest antioxidant capacity exhibiting

kinnow flavedo extracts were ChCl:1,2 PD (molar ratio - 1:3) followed by 80 % methanol,

ChClI:1,2 PD (molar ratio - 1:1), ChCl: 1,3 BD (molar ratio - 1:1) and ChCl:1,2 PD (molar ratio

- 3:1).

Table 4 Antioxidant potency composite index (APCI) of kinnow flavedo extract

SNo. wADLS | Motar DI ABTS ERAT periL DTS Rankin
and FRAP
3:1 71.50 53.49  42.52 55.84 16
2:1 70.08 60.82 34.61 55.17 17
1. ChCl:1,2 PD 1:1 7722  90.31 59.11 75.55 3
1:2 71.64 60.69 40.45 57.59 15
1:3 8441 86.89 85.04 85.45 1
3:1 77.35 85.40 60.73 74.49 5
2:1 69.73 89.76  49.75 69.75 8
2. ChClI: Gly 1:1 78.00 75.63 56.32 69.98 7
1:2 67.62 88.53 40.79 65.65 10
1:3 65.65 89.86 42.07 65.86 9
3:1 56.16 61.46 63.90 60.51 13
2:1 4937 82.86 55.92 62.71 12
3. ChCl:1,3BD 1:1 60.92 93.03 71.71 75.22 4
1:2 6948 97.82 49 .48 72.26 6
1:3 55.05 80.75 56.43 64.08 11
3:1 75.80 30.31 13.45 39.86 24
4. ChCl: MA 2:1 81.36 37.64 22.05 47.02 22
1:1 98.39 38.38 23.26 53.34 18
3:1 73.83 42.60 32.52 49.65 21
2:1 84.35 46.12 45.85 58.77 14
5. ChCl: LA 1:1 84.19 36.42 34.25 51.62 19
1:2 9456 3426  25.09 51.30 20
1:3 79.88 28.19 22.53 43.54 23
80 % 49.29 88.59 100.00 79.29 2

methanol
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It can be noted from the table that top 13 ranking antioxidant capacity kinnow flavedo
extract belong to alcohol-based NADES. Therefore, it can be concluded that alcohol-based

NADES has greater ability to enhance the antioxidant capacity of the extract.

Cytotoxicity of NADES

Eutectic mixture is generally considered non-toxic in nature by assuming that the
starting components used for the formation of NADES are natural compounds. However, this
presumption should not be made without investigation of the toxicity of prepared NADES.
Also, to add NADES extracts in food products, the study of toxicity is important in assessing
the safety of NADES for human consumption. For assessing the potential biological activity
of new compounds and verifying their toxicity, cell lines provide a useful biological system
[39]. Therefore, the cytotoxicity of five best NADES combinations with the selected molar
ratios (i.e. ChCl: 1,2 PD (1:3), ChCl:Gly (3:1), ChCl: 1,3 BD (1:1), ChCl: MA (1:1), and ChCl:
LA (2:1)), each from different combination of solvent, on the basis of high APCI was tested on
mouse splenic lymphocytes (Fig. 6). After reviewing the literature, it came in limelight that
NADES combinations that contain acids as hydrogen bond donor possess higher cytotoxicity
effect on cell lines. Keeping this in mind, in present study, concentration range of acid based
NADES (i.e. ChCl:MA (1:1) and ChCIL:LA (2:1)) were varied 1.e. 0.125 to 2.0 % and tested on
cell line whereas those of alcohol based ones (i.e. ChCl: 1,2 PD (1:3), ChCl:Gly (3:1) and
ChCl: 1,3 BD (1:1)) were tested at higher concentration (0.93 to 15 %). Figure 3 depicts that
ChCl:1,2 PD (1:3) and ChCI:Gly (3:1) were non-toxic even at higher concentration of NADES
and showed cell proliferation even at 15 % concentration. Jesus et al. [40] treated L929 and
HacaT cells with different NADES prepared from trehalose, proline, glucose and sorbitol and
found high cell viability as well as improved cell proliferation that showed NADES do not

affect the activity of cell.
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Fig. 6 Cell survival (%) after treating with alcohol and acid-based NADES on mouse splenic
lymphocytes cell line

Cytotoxicity was found in case of ChCl:1,3 BD (1:1) NADES that varied from 7.52 %
to 27.90 % (that means cell viability ranged from 72.10 % to 92.48 %). Based on ISO 10993-
5 guidelines, cell viability values exceeding 80 % indicate non-cytotoxicity, whereas values of
60-80 %, 40-60 %, and below 40 % correspond to weak, moderate, and strong cytotoxic
effects, respectively [41]. Keeping this in view, it can be concluded that ChCl:1,3 BD (1:1)
showed no toxicity when concentration was 0.93 % (cell viability 92.48 %), 1.875 % (cell
viability 89.17 %) and 3.75 % (cell viability 91.03 %) whereas, weak toxicity was noted at 7.50
(cell viability 72.10 %) and 15 % (cell viability 77.86 %) concentration. In ChCI:MA (1:3) and

ChClI: LA (2:1) based NADES, no toxicity was observed even at higher concentration i.e. 2 %.

Conclusion
In present study, sixteen NADES combinations at their different molar ratios were analyzed for

physico-chemical characteristics and extraction of bioactives along with the application of
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ultrasonication. Organic acid based NADESs were observed higher in polarity than alcohol
based NADESs. Findings of the study showed that higher TPC and TFC were found in
ChCI:MA NADES (molar ratio 1:1) and ChCl:1,2 PD (1:3), respectively. Furthermore, on the
basis of overall antioxidant potency composite index and its associated ranking, extract
obtained by using ChCl: 1,2 propanediol NADES as a solvent got ranked first and selected for
further study. Also, all NADES pairs were found non-toxic in nature except ChCl: 1,3 BD (1:1)
at 7.50 % and 15 % of NADES. This study showed that using eco-benign NADES along with
ultrasonication can be successfully practiced for extraction of bioactive compounds from
kinnow flavedo and extract thus prepared (being considered for GRAS status), can be directly

utilized in food industry for incorporation in various food products.
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   η 2 =      ρ 2  t 2   ρ 1  t 1


   η 2


  Density =     mass   of   different   NADES   solvent  volume   ( 25   mL ) .  


   E  NR   ( kcal    moL  − 1 )   =     hc  N A      𝜆  m a x =     28 , 591        𝜆  m a x  


  APCI =     measured   value   of   assay   ( sample   score )  maximum   value   of   assay   ( best   score )   × 100
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